Antibodies reactive with phosphorylcholine (PC) are ubiquitous in human sera, but the antigens stimulating their production and their function are not clear. Previous studies have shown that a significant proportion of dental plaque bacteria contain PC as determined by reactivity with PC-specific mouse myeloma proteins and monoclonal antibodies. Additionally, serum antibody concentrations of immunoglobulin (IgG) G anti-PC are higher in sera of individuals who have experienced periodontal attachment loss than those who are periodontally healthy. These data implicate the oral microflora as a source of antigen-stimulating anti-PC responses. Recent data also indicate that antibodies with specificity for PC are elevated in ApoE-deficient mice, a model for studies of athersclerosis, and that such antibodies bound oxidized low-density lipoproteins (LDL) (oxLDL) in atherosclerotic plaques. These data prompted the hypothesis that human anti-PC could bind to both oral bacteria and human oxLDL, and that these antigens are cross-reactive. We therefore examined the ability of human anti-PC to bind to PC-bearing strains of oral bacteria using enzyme-linked immunosorbent inhibition assays and by assessment of direct binding of affinity-purified human anti-PC to PC-bearing Actinobacillus actinomycetemcomitans. Our results indicated that PC-bearing strains of Streptococcus oralis, Streptococcus sanguis, Haemophilus aphrophilus, Actinomyces naeslundii, Fusobacterium nucleatum, and A. actinomycetemcomitans, as well as a strain of Streptococcus pneumoniae, absorbed up to 80% of anti-PC IgG antibody from human sera. Furthermore, purified anti-PC bound to a PC-bearing strain of A. actinomycetemcomitans but only poorly to a PC-negative strain. OxLDL also absorbed anti-PC from human sera, and oxLDL but not LDL reacted with up to 80% of the anti-PC in human sera. Furthermore, purified anti-PC bound directly to oxLDL but not to LDL. The data indicate that PC-containing antigens on a variety of common oral bacteria are cross-reactive with neoantigens expressed in oxLDL. We propose that PC-bearing dental plaque microorganisms may induce an antibody response to PC that could influence the inflammatory response associated with atherosclerosis.
Antibodies reactive with phosphorylcholine (PC) are found in all human sera, though the sources of antigen responsible for induction of such antibodies are not entirely known. Phosphorylcholine antigens are most notably present in the C polysaccharide of the cell wall of Streptococcus pneumoniae (32) . Recent studies of the oral and respiratory tract flora have identified additional species which have structural molecules bearing choline (13-15, 23, 40) ; these molecules have invariably been shown to contain PC by specific reactivity with monoclonal antibodies or myeloma proteins which react only with PC. PC has additionally been detected on a number of pathogenic prokaryocytes including S. pneumonia, and other gram-positive bacteria such other streptococci, Bacillius spp., Clostridium spp., and bacilli, as well as the gram-negative species Haemophilus influenzae (17) .
Recent studies performed in our laboratories (40) and an extensive survey of plaque bacteria by Gmur and coworkers (15) indicate that a significant proportion of supragingival and subgingival plaque bacteria react with TEPC-15, a mouse myeloma protein with specificity for PC, or with PC specific MAb. Furthermore, we demonstrated that individuals with all forms of periodontal attachment loss have elevated serum concentrations of antibody to PC compared with those with no past history of periodontal attachment loss (40) . These studies implicate the oral flora, and particularly dental plaque, as a significant source of antigen participating in induction of anti-PC antibodies.
Recently, Shaw and coworkers (42) noted that during development of atherosclerosis, ApoE-deficient mice produce high titers of immunoglobulin M (IgM) autoantibodies to oxidation-specific neoepitopes of oxidized low-density lipoproteins (LDL) (oxLDL). They noted that hybridoma antibodies derived from such mice with specificity for oxLDL bind to phospholipids in Cu-oxidized LDL and further that the antibodies were structurally and functionally identical to T15 anti-PC antibodies. The data suggest that oxidized LDL, in addition to bacteria, could serve as sources of antigen for induction of anti-PC. Interestingly, these antibodies are deposited in atherosclerotic lesions and appear to function in this mouse model by blocking uptake of oxLDL by macrophages, suggesting that these naturally occurring IgM antibodies may inhibit foam cell formation. In contrast with this murine anti-PC response, human anti-PC is overwhelmingly IgG, with more than 80% of all immunoglobulin being IgG2 (8) . Nevertheless, a large proportion of this human IgG2 does bear the T 15 idiotype (8) .
Some epidemiological studies have implicated periodontal disease as a risk factor for cardiovascular diseases (3) (4) (5) (6) . Risk for both myocardial infarction (2) and stroke (50, 51) has been shown to be associated with severity of periodontitis. It has been hypothesized that systemic indicators of inflammation, such as acute-phase reactants, are characteristic of both diseases and provide a common link that may explain disease pathology (44, 51) . The possible participation of oral bacteria in the pathology of these diseases has been explained by the capacity of oral pathogens both to invade endothelial cells (10, 35) and further to stimulate production of proinflammatory cytokines (30) . It is noteworthy, however, that some investigators have failed to find such a relationship between periodontitis and cardiovascular diseases and attribute positive findings to inadequate management of confounding variables in management of epidemiological data (20) .
The observation that plaque bacteria and mouse oxLDL both contain PC-bearing epitopes reactive with TEPC-15 myeloma protein prompted the hypothesis that human anti-PC could bind to both oral bacteria and human oxLDL and that these antigens are cross-reactive. We present data indicating that a number of plaque bacteria react with human anti-PC antibodies and that oxLDL likewise react with such antibodies. Thus, it appears that there is cross-reactivity between human antibodies to PC with respect to oxLDL and oral bacterial antigens. 42 were maintained in brain heart infusion medium (Difco) and incubated at 37°C in humidified 5% CO 2 . S. pneumoniae ATCC 39937 was maintained in brain heart infusion medium and incubated at 37°C under atmospheric conditions. Fusobacterium nucleatum VPI D052B-16 and D021B-13 were maintained in commercially prepared broth (BBL) supplemented with yeast extract, L-cysteine, vitamin K 1 , and hemin and were incubated at 37°C in an anaerobe chamber forced-air incubator. Bacteria were incubated for 16 h under prescribed conditions prior to usage.
MATERIALS AND METHODS

Bacteria
Absorption of human serum with bacteria. Sera were obtained from systemically healthy human volunteers after obtaining informed consent. The bacteria were washed three times in phosphate-buffered saline (PBS), pH 7.4, at 4°C. The optical density of each strain was measured at 650 nm, and the volume was adjusted so that the optical density reading was 2.5, which was nominally equivalent to a concentration of 1.25 ϫ 10 9 bacteria/ml. For each strain, dilutions were prepared in PBS, pH 7.4, and 1 ml of each dilution was pipetted into microcentrifuge tubes and centrifuged at 6,000 rpm (Eppendorf 5403 centrifuge) at 4°C for 20 min. The supernatants were discarded. The pellets were resuspended in 500 l of a 1/500 dilution of human serum. The tubes were incubated for 60 min in a 37°C shaker water bath and rocked overnight at 4°C. The tubes were centrifuged, and the supernatants were collected.
ELISA for anti-PC IgG. Measurement of anti-PC concentrations in serum was carried out using a modification of the method we previously described (45) . Immulon 4 HBX ELISA (Dynatech) plates were coated with 0.1 ml of PC-BSA diluted to 1.25 g of PC/ml in 0.005 M phosphate buffer, pH 7.5, and incubated at room temperature, with shaking, for 15 min. Plates were washed two times, with shaking, in a solution containing 0.01 M phosphate buffer, 0.14 M NaCl, and 0.01% Tween 20 (Fisher) (PBS-Tween). Next, 0.1 ml of sample diluted in PBSTween was loaded into the coated wells and incubated at room temperature, with shaking, for 30 min. Following another two washes with PBS-Tween, 0.1 ml of peroxidase-conjugated, affinity-purified, rabbit anti-human IgG (Jackson ImmunoResearch) diluted 1/10,000 in PBS-Tween was added and incubated for 30 min, with shaking, at room temperature. The plates were then washed twice in PBSTween as above and then washed twice in dH 2 O (to remove residual Tween). Then, 0.1 ml of 3,3Ј,5,5Ј-tetramethyl-benzidine (100 g/ml; CalBiochem)-0.006% H 2 O 2 in 0.1 M acetate buffer, pH 6.0, was added and incubated at room temperature, with shaking, for 30 min, and 25 l of 2.5 M H 2 SO 4 was then added to stop the reaction and initiate the final color change. Plates were read at A 450 on a Molecular Devices Vmax enzyme-linked immunosorbent assay (ELISA) reader. Assays were performed four to six times, and data in the figures are reported as means Ϯ standard deviation for replicate determinations.
Preparation of human LDL and OxLDL. Human LDL were isolated from serum by ultracentrifugation using a modification of the methods described in references 9 and 18. Briefly, 2 ml of a saline solution (density, 1.346) was added to 10 ml of serum to give a mixture solvent density of 1.019 to 1.063. The mixture was centrifuged at 105,000 ϫ g for 22 h at 12°C, and the top layer containing the LDL was removed. The LDL protein content was estimated using the Lowry assay (27) . The LDL preparation was oxidized by incubating 100 g of LDL protein/ml in PBS, pH 7.4, with 5 M CuSO 4 (33) at 37°C for 16 h with shaking. The solution was then dialyzed against PBS, pH 7.4, containing 10 mM EDTA. The preparation was concentrated using a 2-ml 10,000-molecular-weight cutoff Centricon centrifugal filter device (Amicon Corporation), and the protein content was determined using the Lowry assay.
Absorption of human sera with LDL. Dilutions of LDL or oxLDL, prepared in PBS containing 10 mM Na-EDTA, were added to human sera to achieve final concentrations of 0.05 to 250 g/ml. The sera were incubated for 60 min ate 37°C with shaking, and then were incubated overnight at 4°C.
Purification of anti-PC. Antibodies to PC were isolated from Cohn Fraction II (Sigma catalog no. G-4386). Cohn Fraction II was resuspended in 0.01 M EDTA Hanks balanced salt solution (HBSS) (GibcoBRL catalog no. 14185-052) at 100 mg/ml. Aliquots of the resuspended Cohn Fraction II were passed through an immobilized p-aminophenyl PC column (Pierce catalog no. 20307). After washing until the effluent gave a baseline absorbance of less than 0.01 at 280 nm UV, a step gradient of 0.01 M PC chloride (Sigma catalog no. P-0378) followed by 0.01 M p-aminophenyl-PC (Sigma catalog no. A-9278) was applied to elute the bound antibodies to PC. Pools of the two eluates were collected and concentrated on Centriprep YM-30 (Amicon 4306) filter devices. The pH of the concentrated samples was adjusted to 3.0 with 0.4 M HCl, and the IgG and PCchloride or p-aminophenyl PC were separated on a Sephadex G-25 (Pharmacia) column equilibrated with 0.01 M EDTA HBSS. Pools, as determined by A 280 and pH, were made and concentrated as above.
Binding of anti-PC to bacteria. Binding of anti-PC was accomplished by diluting the bacteria to 10 8 /ml in HBSS-0.1% low-endotoxin BSA (Sigma catalog no. A-2934), adding antibodies at 30 g/ml, and then incubating, at room temperature, for 30 min. Bacteria were washed three times in HBSS-BSA, resuspended to their initial volume, and incubated with a biotinylated F(abЈ) 2 goat anti-human IgG (5 g/ml) for 30 min. Bacteria were washed three times in HBSS-BSA, resuspended to their initial volume, and incubated with Alexa-488-streptavidin (Molecular Probes catalog no. S-11223) for 30 min at room temperature. Following three washes with HBSS-BSA the cells were examined on a FACScan device (Becton Dickinson).
RESULTS
Binding of human serum anti-PC to oral bacteria. We first sought to demonstrate that human anti-PC binds to oral bacteria bearing PC-containing antigens. ELISA inhibition assays were carried out in which bacterial samples were incubated in serum prior to determination of residual anti-PC antibody. As shown in Fig. 1 and 2 , a variety of strains of gram-positive and gram-negative plaque bacteria, including strains of S. oralis, S. sanguis, A. actinomycetemcomitans, F. nucleatum, and H. aphrophilus, as well as the nonoral pathogen S. pneumoniae, bound anti-PC. Other strains of oral isolates previously shown not to incorporate choline or react with TEPC-15, including strains of A. actinomycetemcomitans, S. sanguis, and A. naeslundii, failed to remove anti-PC from human serum (Fig. 3 ). These results demonstrate that human anti-PC binds to a variety of oral microorganisms, specifically to those bearing phosphorylcholine.
Since ELISA inhibition assays identified strains of A. actinomycetemcomitans that were either PC-positive (strain D045D-40) or PC-negative (strain DB03A-42), we chose to verify results of the ELISA inhibition assays by assessing direct binding of anti-PC to these bacterial strains. Purified anti-PC was incubated with either bacterial strain and then with FITClabeled biotinylated F(abЈ) 2 goat anti-human IgG, and bound antibody was detected by fluorescence-activated cell sorter analysis. As shown in Fig. 4 , purified anti-PC binds specifically to the strain of A. actinomycetemcomitans (D045D-40) that has been shown both to contain choline and to react with TEPC-15, while little binding could be demonstrated to strain DB03A-42.
Binding of human anti-PC to oxLDL. To demonstrate crossreactivity of PC-bearing oral bacteria with oxLDL we performed ELISA inhibition assays with purified LDL and oxLDL to demonstrate decrease in anti-PC serum titers following absorption. As shown in Fig. 5 , absorption of serum with three different preparations of oxLDL from three serum donors inhibited anti-PC titers by up to 80%. In contrast, absorption with unoxidized LDL consistently failed to deplete IgG anti-PC from human sera. This verifies for human IgG anti-PC the observation by Shaw in the mouse model that oxidation of LDL reveals neoepitopes containing PC that react with mouse anti-PC. Furthermore, this establishes the cross-reactivity of oxLDL with a series of bacteria commonly found in dental plaque due to their common reactivity with anti-PC.
Attempts to directly demonstrate that oral bacteria absorb anti-oxLDL from human sera were attempted. However, the small proportion of PC-bearing antigens in the oxLDL preparations used as ELISA antigens made it impossible to convincingly demonstrate removal of anti-PC from the anti-oxLDL antibody pool. This was due to an 85 to 90% reduction in sensitivity of the ELISA to detect anti-PC when using oxLDL as the antigen (data not shown). As shown in Fig. 6 , however, purified human anti-PC can be shown to react directly with oxLDL but not LDL in ELISA assays, further verifying its cross-reactivity with oral bacterial strains.
DISCUSSION
The data demonstrate that human anti-PC IgG antibody reacts both with a variety of plaque microorganisms and with oxidized, but not native, LDL. Our previous data indicate that patients with periodontal attachment loss have higher concentrations of anti-PC IgG than do individuals who demonstrate no attachment loss (40) . The implication of this finding is that it is possible that inflamed periodontal tissues permit ingress of antigens from oral bacteria which leads to increased systemic production of anti-PC. These antibodies in turn can react with autoantigens bearing PC, one of which is oxLDL. Although it is also possible that members of the intestinal or respiratory flora that bear PC may also contribute to the production of these antibodies, the data linking periodontal diseases with levels of anti-PC strongly implicate the oral flora as a major source of such antigen. We have established that PC-bearing strains of A. actinomycetemcomitans can invade endothelial cells via the receptor for platelet-activating factor (39), implying that oral bacteria bearing PC may be able to readily access the systemic circulation due to their ability to mimic plateletactivating factor.
Evidence from both animal models and human disease populations characterized by elevated immune responses against oxidatively modified lipids suggests a role for the immune system in the chronic inflammatory response observed in atherosclerosis (11, 22, 29, 34, 37, 43, 47, 49) . These studies suggest that antibody responses to oxidized phospholipids may be targeted at removal of damaged lipoproteins and apoptotic cells. In the process of immune clearance it is further suggested that some of these antibodies may also participate in enhancing the chronic inflammation characteristic of atherosclerotic lesions. Alternatively, it has also been demonstrated that immunization with oxLDL or atheromatous plaques generates a T-cell-dependent IgG response that is protective (52) . Although the specific function of such antibodies in animal models is not clear, the presence of these antibodies may mark the appearance and progression of atherosclerotic lesions.
A characteristic of some diseases demonstrating accelerated atherosclerosis, such as systemic lupus erythematosus and antiphospholipid syndrome, is the appearance of antiphospholipid antibodies (12, 19, 29, 37, (47) (48) (49) . Such antibodies are viewed by some investigators as an autoimmune response against oxidized phospholipids. It has been suggested that these autoantibodies could contribute to the accelerated pathogenicity of oxidized phospholipids in these syndromes by contributing to a chronic inflammatory reaction in the arterial wall.
The observation that commonly found oral bacterial species and up to 50% of the supragingival and subgingival flora of some individuals contain PC (40) may provide a link between oral colonization and infection and a variety of systemic conditions. It is possible that such bacteria are an antigenic source that stimulates production of anti-PC antibodies. Since PC is also a component of oxLDL, then the oral flora of periodontitis patients may be responsible for increased antibody titers against oxLDL. Elevated titers of antibody to oxLDL (which include anti-PC) have been shown to occur in angiographically verified coronary artery disease and coronary stenosis (24) , in diabetes mellitus (7, 26, 31) , in early hypertension (28) , prior to myocardial infarction (36, 38) , and in endometriosis and preeclampsia (41, 46) . Many of these conditions have been demonstrated to be associated with periodontal disease, and periodontal disease is thought by some investigators to be a risk FIG. 5 . Inhibition of anti-PC by oxLDL and LDL. Preparations of oxLDL from serum of three donors (F, E, ) or unoxidized LDL (ƒ) were incubated in human serum as described in Materials and Methods. Following incubation, the level of residual anti-PC was determined by ELISA.
FIG. 6. Binding of purified anti-PC to oxLDL. LDL, purified from human sera by ultracentrifugation, and oxLDL, generated from LDL using CuSO 4 , were used to coat ELISA plates. Affinity-purified human anti-PC was added to the plates, and binding was determined as described in the text. Symbols: F, oxLDL; E, LDL. Error bars represent Ϯ1 standard deviation.
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CROSS-REACTION BETWEEN DENTAL PLAQUE BACTERIA AND LDLfactor for these conditions. Furthermore, oral bacterial antigens and DNA have been observed within atheromatous plaques (16) , indicating that oral bacteria access the circulation and become trapped within the plaques. The finding that PC is a common component of plaque bacteria and that patients with attachment loss have elevated antibody levels against PC therefore argue that the anti-PC response is a common tie between many systemic conditions and periodontal infections. It is also noteworthy that some investigators have reported that anti-oxLDL antibodies are present in newborns and children and increase during childhood (21) . It has been speculated that such antibodies may reflect oxidative damage to LDLs; however, a portion of such antibody could reflect exposure to the oral flora during inflammatory episodes.
As previously noted, anti-oxLDL has been identified in atheromatous lesions and in circulating immune complexes in atherosclerosis and diabetes. Although the functional consequences of such antibodies are not completely clear, is has been suggested that such antibodies enhance LDL cholesterol turnover via opsonization, promote intracellular accumulation of cholesteryl esters in macrophages and fibroblasts (1) , and promote cytokine (interleukin ␤ and tumor necrosis factor alpha) production by macrophages (25) . Thus, these antibodies could have either a protective or proinflammatory function. The outcome of binding of anti-PC to oxLDL is likely to depend on the balance between the amount of PC-bearing autoantigens in the circulation and in atheromatous plaques and the capacity of phagocytes relative to the antigenic load.
In conclusion, our observations that patients with periodontal attachment loss have elevated anti-PC antibody levels and that a large percentage of dental plaque bacteria contain PC suggest that elevations in serum anti-PC could be the result of exposure of the systemic immune system to oral bacterial antigens. PC and other oral bacterial antigens that are crossreactive with LDL may therefore provide a biological link between periodontal diseases and cardiovascular diseases, diabetes complications, and adverse pregnancy outcomes, all of which are thought to be influenced by the presence of periodontitis.
